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Edited by Robert Russell and Giulio Superti-FurgaAbstract The behavior, morphology and response to stimuli in
biological systems are dictated by the interactions between their
components. These interactions, as we observe them now, are
therefore shaped by genetic variations and selective pressure.
Similar to what has been achieved by comparing genome struc-
tures and protein sequences, we hope to obtain valuable informa-
tion about systems evolution by comparing the organization of
interaction networks and by analyzing their variation and con-
servation. Equally, signiﬁcantly we can learn whether and how
to extend the network information obtained experimentally in
well-characterized model systems to diﬀerent organisms. We
conclude from our analysis that, despite the recent completion
of several high throughput experiments aimed at the description
of complete interactomes, the available interaction information is
not yet of suﬃcient coverage and quality to draw any biologically
meaningful conclusion from the comparison of diﬀerent interact-
omes. Thus, the transfer of network information obtained from
simple organism to evolutionary distant species should be carried
out and considered with caution. By using smaller higher-conﬁ-
dence datasets, a larger fraction of interactions is shown to be
conserved; this suggests that with the development of more accu-
rate experimental and informatic approaches, we will soon be in
the position to study the network evolution.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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High-throughput experiment1. Introduction
In recent years sequencing projects have produced the se-
quence of entire genomes and of the corresponding inferred
proteomes at an unprecedented rate. The assembly, organiza-
tion and comparison of this mass of data has given a consider-
able impulse to a relatively new discipline often referred to as
comparative genomics [1].
The development of high throughput data-collection ap-
proaches has in turn generated information, albeit at a much
lower rate, about most of a cells macromolecular components
and about their interactions.*Corresponding author.
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doi:10.1016/j.febslet.2005.01.064In particular, semi-automated yeast two hybrid and complex
puriﬁcation approaches, complemented by a large number of
traditional low throughput experiments published over the
years in the scientiﬁc literature, have provided for the ﬁrst time
a glimpse into the global interactome of some simple organ-
isms [2–7]. Such a description of the functional and physical
interactions between the several thousand proteins in a prote-
ome, although incomplete, is a necessary step toward the
understanding of a biological system. Nevertheless, even this
limited task, when we plan extending it to a number of inter-
esting biological systems, represents a daunting endeavor if
we bear in mind the signiﬁcant eﬀort already devoted to the
study of the interactome of a single simple organism (Saccha-
romyces cerevisiae).
In this contribution, we want to ask whether the combina-
tion of comparative genomics and interactomics can produce
synergistic eﬀects to the end of identifying an interaction core
that is conserved in evolution and of drawing more reliable
protein networks. In Fig. 1, we have schematically illustrated
three strategies that exploit the possibility to compare homol-
ogous sequences from several diﬀerent organisms and to group
them into families of evolutionary related proteins (orthology
groups).
We can, for instance, use the notion that functional pat-
terns, including those involved in protein interaction, are
more conserved in evolution to assess the likelihood that
any in vitro discovered interaction could play a physiological
role. This information could then be used to obtain a more
dependable protein network (Fig. 1, strategy 1). Alterna-
tively, we may want to investigate, by comparing two exper-
imentally determined networks, whether the connections
between the proteins are conserved in evolution and to what
extent we can use this conservation to infer new interactomes
from existing experimentally deﬁned protein networks (Strat-
egy 2 and 3, Fig. 1).
Most of these approaches are rather sensitive to the algo-
rithm used to identify orthologs or paralogs originating from
duplication events occurring either before or after speciation.
Although this is an important issue, we will not discuss it here
but refer to other authors [8–10].2. Exploiting sequence conservation and sequence variation to
infer and validate protein interactions
Protein interactions pose constraints on the evolution of
genome organization and of protein sequences. In fact, severalblished by Elsevier B.V. All rights reserved.
Fig. 1. Schematic representation of three approaches that take advantage of the availability al large genomic datasets to infer reliable protein
interaction networks.
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fer or validate protein interactions.
For instance, one method implies that proteins that are con-
sistently present or absent in diﬀerent proteome sets are likely
to interact functionally [11] while a second method searches
proteomes looking for proteins that are covalently joined in
a single peptide chain and interpreting this fusion event as
an evidence that these two proteins interact either physically
or functionally [12,13].
Besides this class of methods, which explore genome organi-
zation, a second class focuses on conservation or variation at
the amino acid sequence level. Pazos and Valencia [14] have
exploited correlated sequence variations in multi alignments
of orthologous protein pairs to infer protein interactions. This
is an extension of a method, dubbed correlated mutations,
previously developed to predict proximal pairs of residues in
folded proteins [15]. The underlying rationale is that pairs of
residues that are part of two interacting surfaces tend to
co-evolve, with changes in one protein being remedied by com-
pensatory mutations in the partner protein. The main limita-
tion of this approach, sometimes referred to as in silico
2-hybrid, is the need for alignments, with a good species cov-
erage, for any protein pair under study. In its favor the meth-
od, in the cases in which it is applicable, does provide
topological information about the interaction complex.
Most experimental or informatic approaches, whenever the
interaction thresholds are kept high, tend to overpredict. It
is therefore useful to have solid ﬁltering methods to skim an
inferred network of interest by sorting out interactions that
are unlikely to occur. Whenever an interaction can be mapped
to a simple peptide or a simple interaction interface, as in the
case of protein interaction modules, one can apply the princi-
ple that peptides matching functional motifs are more likely to
be conserved than peptides matching a random amino acid
pattern of comparable complexity. In fact, by looking at the
conservation of a set of functional motifs taken from the PRO-
SITE database [16], in fourteen diﬀerent yeast proteomes, oneobserves a much slower decrease of sequence conservation
when compared to the corresponding decrease in the conserva-
tion of a comparable scrambled pattern (Fig. 2). These ﬁndings
cannot be acritically extended to the identiﬁcation of peptide
motifs involved in protein interaction. In this case co-evolution
could force sequence divergence by compensatory changes of
the domainpeptide partners. Nevertheless, by using sequence
conservation as a ﬁltering tool, we were able to increase the
performance of the WISE approach [17] in the inference of
the protein interaction network mediated by 14-3-3 proteins
in S. cerevisiae. Furthermore. Beltrao and Serrano (personal
communication), using a set of eleven yeast genomes showed
that combining comparative proteomics and secondary struc-
ture information can greatly increase the performance of con-
sensus based predictions of SH3 targets.3. Network comparison
Work over the past 50 years has revealed that molecular
mechanisms underlying fundamental biological processes are
conserved in evolution and that models worked out from
experiments carried out in simple organisms can often be ex-
tended to more complex organisms. This observation forms
the basis for using interaction networks derived from experi-
ments in model organisms to obtain information about inter-
actions that may occur between the ortholog proteins in
diﬀerent organisms.
Wahlout et al. [18] originally proposed an interolog concept to
transfer protein interactions across species and Matthews et al.
[19], after mapping yeast interactions into the Caenorhabditis
elegans proteome, veriﬁed them by yeast two-hybrid.
Later Gavin et al. [2] pointed out that proteins that are part
of a metazoan ortholog-set preferentially interact with proteins
of the same set. They also showed that the products of essential
genes have a propensity to associate and that ortholog net-
works and essential proteins networks overlap signiﬁcantly.
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Fig. 2. Conservation of peptides matching functional patterns in 14
yeast species. The 14 yeast proteomes were clustered in orthology
groups by the Inparanoid algorithm. All the pairwise outputs of
Inparanoid were merged to generate a set of orthologous sequences for
every S. cerevisiae ORF. EMMA from the EMBOSS package (http://
www.rfcgr.mrc.ac.uk/Software/EMBOSS/) was then used to obtain
multiple alignments of all the orthology groups. Overall, 5652 multiple
alignments were generated. By parsing the prosite.dat ﬁle we then
collected all the entries described by a pattern documented by at least
one true positive match in S. cerevisiae (500 patterns). We next
measured the conservation of S. cerevisiae peptides matching one of
the patterns in multiple alignments and compared it to the conserva-
tion of peptides matching a non-functional inverted pattern obtained
by simple right left inversion (ABC becomes CBA). The conservation
of pattern matching peptides classiﬁed as true positives or false
positives in the Prosite database are plotted separately. Of the 500
patterns only 50 have an inverted pattern with at least one match in S.
cerevisiae. The graph shows pattern conservation as a function of the
number of species considered (species have been added with an order
corresponding to increasing evolutionary distance from S. cerevisiae).
The percentage of match conservation is the ratio of the number of
species containing an exact match in the same protein sequence range
divided by the number of species considered.
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are conserved in evolution play an essential physiological role
to form a central component of a universal eukaryotic core
interactome.
To estimate the fraction of common interactions in two dis-
tantly related organisms we set out to compare the yeast and
the Drosophila networks, the only two organisms whose inter-
actomes have been explored with systematic experimental ap-
proaches aimed at being exhaustive. The yeast experimental
interaction network includes 4597 proteins connected by more
than 14 000 interactions while the Drosophila interactome cov-
ers 7000 proteins connected by 20 664 interactions. Our biolog-
ical insight tells us that many functional interactions, namely
those involved in processes common to eukaryotic organisms,
should be conserved. In principle, by comparing the yeast and
Drosophila interactomes we should be able to estimate the frac-
tion of conserved interactions between these two diﬀerent
eukaryotic organisms.
However, a number of reasons could lead to underestimat-
ing the degree of network overlap. Indeed comparison of dif-
ferent high throughput experiments in yeast indicates that
only a small fraction of interactions are supported by morethan one experiment [20]. This observation could have diﬀerent
explanations. One possibility is that none of the individual
experiments may have reached saturation. Alternatively, the
diﬀerent approaches may have produced a signiﬁcant number
of false positives or may have missed a signiﬁcant number of
true interactions. As a consequence even a signiﬁcant overlap
between the physiological networks of two organisms may re-
sult in a much smaller one when two incomplete and inaccu-
rate experimental networks are compared. This is illustrated
schematically in Fig. 3.
To estimate the degree of overlap between the yeast and the
Drosophila interactomes, we have used the Inparanoid algo-
rithm to assign 2198 of the 20032 Drosophila melanogaster pro-
teins and 2000 of the 6224 S. cerevisiae proteins to 1966
orthology groups (OG). We have then created two OG interac-
tion networks (OGN) by mapping, whenever possible, each
interaction described experimentally in the two organisms to
an interaction between the orthology groups of the two partner
proteins. The two OGN, derived from the yeast and the Dro-
sophila interactomes, consist of 4096 and 1024 interactions,
respectively. When the two are compared only 87 OG interac-
tions are found to be common, that is 2% and 8% of the OGN
derived from each organism experimental network. This rela-
tively disappointing ﬁgure likely reﬂects the low quality of
the available experimental networks. In fact, the overlap rises
to 5% and 24%, which is higher than the overlap between the
independent yeast high throughput experiments [20], when we
use two OGN derived from drosophila and yeast networks
including a smaller number of high conﬁdence interactions
(5101 for Drosophila, 2491 for yeast).4. Inferring interactomes
These reservations considered, mapping the interactions
experimentally determined in model organisms onto the hu-
man proteome would still represent a valuable tool to broaden
our understanding of the protein mesh in such an interesting
organism.
To this end, we have developed Homomint, a web available
tool (http://mint.bio.uniroma2.it/mint/) extending protein–
protein interactions experimentally veriﬁed in models organ-
isms, to the orthologous proteins in Homo sapiens.
Similar to other approaches [21], the orthology groups in
HomoMINT are obtained by the ‘‘reciprocal best hit method’’
as implemented in the Inparanoid algorithm [8]. To eliminate
some noise produced by Inparanoid, we further ﬁltered the
orthology groups by applying a string matching algorithm that
permits to identify wrongly assigned proteins whose domain
architecture diﬀers, by a predeﬁned value, from the domain
architecture of the main human ortholog.
By this approach all the proteins in the MINT database [22]
(approximately 17 000) were mapped to 16 531 orthology
groups. These include proteins that participate in interactions
described in the high throughput dataset of yeast, Drosophila
and nematode as well as several more proteins from other spe-
cies that were shown to be involved in interactions by low
throughput experiments. By this approach (Fig. 4, bottom),
we mapped the 40 944 interactions stored in the MINT data-
base to 10 801 HomoMINT interactions whenever the two
partners of an interaction discovered in model organisms could
be both assigned to a human orthology group. HomoMINT is
Fig. 3. The cartoon represents two interactomes in the protein interaction space. The overlap between the real (physiological) and the
experimentally determined protein interaction space is shown by arrows. The region containing the false positives (FP) and false negatives (FN) are
also indicated.
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set identiﬁers and new interactions added to the database (to
be described in detail elsewhere).
The human interactome has not yet been systematically
investigated by high throughput experiments. Nevertheless,
several low throughput experiments, providing evidence of
protein interactions, have been published in the scientiﬁc liter-Fig. 4. Schematic representation of the contribution of the interaction data c
Human Interactome described in this review (top part of the ﬁgure). In the
represent the size of the model organism interactomes that were used to infer
each model organism, the number of interactions that could be mapped to tature over the past decades. This represents a dataset approx-
imately the same size, albeit much more dependable, as those
obtained from the results of high throughput experiments car-
ried out in model organisms. However, it is not readily acces-
sible. Recently, a number of databases have started to compile
this information and organize it in a common computer-
readable format [22–27]. Although this curation eﬀort is farurated by four diﬀerent databases to the assembly of the Experimental
lower part of the ﬁgure the numbers in reverse color in the rectangles
the HomoMINT network. In the small rectangles we have reported, for
he human proteome.
Table 1
Contribution of the diﬀerent protein interaction databases to the
human experimental network
Intersection witha MINT Intact Bind DIP HPRD
N of Interb
MINT 3086 1249 154 296 324
Intact 2280 1249 76 138 88
Bind 2645 154 76 115 299
DIP 970 296 138 115 257
HPRD 4994 324 88 299 257
Total 11354
aThe ﬁgures in the columns refer to the numbers of human interactions
that are common to any two databases.
bUnique binary interaction imported from each database.
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rently deposited in ﬁve major databases, we were able to
assemble a human interactome of 11 354 independent interac-
tions (Table 1 and Fig. 4, top). This network is likely to have
some bias in the coverage of the interaction space due to the
scientiﬁc communitys interest in investigating speciﬁc biologi-
cal domains or to a biased selection of the journal articles com-
piled by the databases. Nevertheless, the graph representing
the interactions deposited in the databases that we have con-
sidered share a number of characteristics with those obtained
from model organisms or with the ones of HomoMINT: they
are all scale-free networks and have comparable diameters,
average clustering coeﬃcients and mean path lengths (unpub-
lished observations).
The overlap between the human experimental network and
the one inferred from model organisms (HomoMINT) is 369
interactions corresponding to 3.4% of the HomoMint interac-
tions suggesting that both networks only cover a small fraction
of the real interactome and that either or both are aﬀected by a
large number of false positives. Most of the HomoMINT net-
work (90%) is inferred from interactions that have been ob-
tained by high throughput experiments while only 10% is
inferred from higher conﬁdence experiments. Interestingly,
the set of high conﬁdence interactions covers more than 60%
of the intersection between HomoMINT and the experimental
network.5. Conclusions
The growing number of sequenced genomes has prompted
the development of comparative tools that have great potential
for our understanding of biological processes and their evolu-
tion. Here, we have discussed the possibility of exploiting the
availability of complete catalogs of the protein products of sev-
eral organisms and the increase in information about protein
interactions to compare diﬀerent interactomes.
Systematic network comparison and discovery of conserved
interactions can help us in answering some interesting biolog-
ical questions: Are networks of protein interactions conserved
as protein sequences and structures are? Is there a minimal
interaction core that is conserved in diﬀerent species? If so,
how large is it?
We have shown that the coverage and reliability of presently
available interaction datasets are not suﬃcient to provide a
trustworthy answer to these questions and that the overlap be-
tween the networks of S. cerevisiae and D. melanogaster issmaller than one would expect. Interestingly, the percentage
overlap increases when more reliable datasets are considered.
This also indicates that observation of similar interactions
in two networks increases the likelihood of their biological
signiﬁcance.
Besides these fundamental questions, one can use the
observation of conservation of protein interaction to transfer
functional information experimentally veriﬁed in model
organisms to less characterized genomes and proteomes. Yu
et al. [28] assessed statistically the transferability of protein–
protein and protein DNA interactions by analyzing the rela-
tionship between sequence similarity and interaction conser-
vation. In general, they found a sigmoidal relationship
between sequence similarity and interaction conservation.
They considered 14 911 interactions in H. pilori, S. cerevisiae,
C. elegans and D. melanogaster and found that an interaction
is very likely to be conserved in diﬀerent organism if the joint
sequence identity (geometric mean of the individual sequence
identity) between the protein partner pairs in the two organ-
isms is >80%. In this short review, we have only compared
networks by looking at the fraction of conserved interactions.
A fertile area of research, while waiting for more extensive
and more reliable network data, is concerned with methods
to compare approximately matching simple subgraph motifs
by combining network topology and protein sequence simi-
larity [29,30].
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